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ABSTRACT Lacticaseibacillus rhamnosus GG is a widely marketed probiotic with well-
documented probiotic properties. Previously, deletion of the mucus-adhesive spaCBA-
srtC1 genes in dairy isolates was reported. In this study, we examined the genome pres-
ervation of industrially produced L. rhamnosus GG (DSM 33156) cofermented in yogurts.
In total, DNA of 66 samples, including 60 isolates, was sequenced. Population samples
and 59 isolates exhibited an intact genome. One isolate exhibited loss of spaCBA-srtC1.
In addition, we examined phenotypes related to the probiotic properties of L. rhamnosus
GG either from frozen pellets or cofermented in yogurt. L. rhamnosus GG from frozen
pellets induced a response in intestinal barrier function in vitro, in contrast to frozen pel-
lets of the starter culture. Yogurt matrix, containing only the starter culture, induced a
response, but cofermentation with L. rhamnosus GG induced a higher response.
Conversely, only the starter culture stimulated cytokine secretion in dendritic cells, and
it was observed that the addition of L. rhamnosus GG to the starter culture reduced the
response. We conclude that the L. rhamnosus GG genome is preserved in yogurt and
that common in vitro probiotic effects of L. rhamnosus GG are observed when examined
in the yogurt matrix.

IMPORTANCE Lacticaseibacillus rhamnosus GG is a well-documented probiotic strain
recognized for its high acid and bile tolerance and properties of adhesion to entero-
cytes and mucus. The strain exhibits SpaCBA pili, which have been demonstrated to
play an important role in adhesion and therefore are relevant for persistence in the
gastrointestinal tract. Recently we demonstrated that the genome and phenotypes
of L. rhamnosus GG are preserved throughout an industrial production pipeline.
However, as gene deletions in L. rhamnosus GG were previously reported for isolates
from dairy products, a key question on the genomic stability of L. rhamnosus GG in
a yogurt matrix remained. The aim of this study was to analyze genome stability
and phenotypic characteristics of L. rhamnosus GG in yogurt. We found that the ge-
nome of L. rhamnosus GG is well conserved when the organism is cofermented in
yogurt. Some phenotypic characteristics are consistent in all product matrixes, while
other characteristics are modulated.

KEYWORDS Lacticaseibacillus rhamnosus GG, industrial fermentation, probiotics,
yogurt, genome stability, SpaCBA

The probiotic potential of Lacticaseibacillus rhamnosus GG was initially described in
1985 by Sherwood Gorbach and Barry Goldin, and in 1989, the organism became

the first Lactobacillus strain to be patented based on its high acid and bile tolerance
and properties of adhesion to enterocytes and mucus (1, 2). Over the past 30 years,
health-promoting effects of the strain have been demonstrated in hundreds of clinical

Citation Stage Strickertsson M, Hui Y, Nielsen
DS, Vera-Jiménez NI, Olsen J, Sandelin A,
Wichmann A. 2021. Genomic stability and
phenotypic characteristics of industrially
produced Lacticaseibacillus rhamnosus GG in a
yogurt matrix. Appl Environ Microbiol 87:
e01575-21. https://doi.org/10.1128/AEM.01575
-21.

Editor Danilo Ercolini, University of Naples
Federico II

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Anita Wichmann,
anitawichmann@yahoo.com.

Received 6 August 2021
Accepted 26 September 2021

Accepted manuscript posted online
6 October 2021
Published

December 2021 Volume 87 Issue 24 e01575-21 Applied and Environmental Microbiology aem.asm.org 1

FOOD MICROBIOLOGY

24 November 2021

https://orcid.org/0000-0002-8113-3344
https://doi.org/10.1128/AEM.01575-21
https://doi.org/10.1128/AEM.01575-21
https://doi.org/10.1128/ASMCopyrightv2
https://aem.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.01575-21&domain=pdf&date_stamp=2021-10-6


trials, including shortening the duration of acute infectious or antibiotic-associated di-
arrhea (3–5), eliminating gastrointestinal carriage of vancomycin-resistant enterococci
(6), and acting as an adjuvant to improve influenza vaccine immunogenicity (7).

Prolonged persistence time and colonization in the gastrointestinal tract are consid-
ered of great importance for L. rhamnosus GG to confer its reported health benefits.
The ability to adhere has therefore been widely studied in L. rhamnosus GG (8–10). In
1992, Coconnier et al. discovered that the mechanism of adhesion of L. rhamnosus GG
was sensitive to protease activity (11), and later, several studies characterized the adhe-
sion properties of the surface protein appendages on L. rhamnosus GG called pili (9, 10,
12). Importantly, pilus-deficient mutants of L. rhamnosus GG, produced using chemical
mutagenesis, lose the ability to adhere to porcine and human intestinal mucus
(decreased from 37.9% to 0.5 to 1.8% adherence) (13).

The L. rhamnosus GG pili are encoded by the spaCBA-srtC1 gene cluster, which is
located in a region rich in insertion sequences (IS) that can mediate larger genomic
changes (14–16). Accordingly, the genomic stability of L. rhamnosus GG, in particular
the spaCBA-srtC1 gene cluster, has been examined in several studies. One study
showed high genomic stability of L. rhamnosus GG in general, but in some isolates con-
tinuously exposed to bile or mechanical stress, a mutation that led to the loss of the
spaCBA-srtC1 gene cluster was detected after 1,000 generations (14). In a different
study, where isolates from three different liquid dairy products were sequenced, two
isolates showed large genomic deletions that included the spaCBA-srtC1 gene cluster
(17). Subsequently, we demonstrated high genomic stability of L. rhamnosus GG
throughout an industrial production process from the original stock in the Chr. Hansen
culture collection (CHCC) to the freeze-dried product (18).

Whereas genomic stability is important to ensure that probiotic potential is retained,
the composition of the delivery matrix of the strain may influence how the strain
behaves phenotypically. In addition to delivery as a freeze-dried product in tablets or
capsules, probiotic yogurts are an increasingly common and popular food vehicle con-
sumed for their potential health-promoting effects. L. rhamnosus GG is one of the most
prominent probiotic yogurt cultures on the market (19). However, only a few in vivo
studies have compared the probiotic effect of L. rhamnosus GG when delivered in differ-
ent matrices. Two studies have shown similar fecal recovery of L. rhamnosus GG when it
was ingested either as a freeze-dried product in tablets or capsules or in fermented milk,
indicating no significant matrix effect on survival and colonization (20, 21).

Several in vitro assays have been used to study the mode of action of L. rhamnosus
GG, demonstrating various probiotic features, including pathogen inhibition (8), pro-
duction of mucosa-protecting biofilm (23), superior adhesion properties compared to
those of other lactobacilli (24), and modulation of immune responses by reducing sev-
eral inflammation markers in human intestinal cells (25, 26). Generally, in vitro assays
are performed on overnight cultures of probiotic strains, either from a frozen stock or
isolated from a product matrix such as yogurt, which enables a high concentration of
the investigated strain without the interference of other strains and a potential matrix
effect. Only a few studies have examined in vitro characteristics of probiotic strains
derived directly from industrially produced products.

In clinical studies, L. rhamnosus GG has been administered either as freeze-dried bac-
teria in capsules, tablets, or powder or in fermented milk products. While bacteria grown
as overnight cultures will reflect laboratory conditions, industrially produced frozen bac-
teria will remain in a dormant state preserving the physiological profile obtained during
production and bacteria in yogurt will adapt to the conditions in the yogurt matrix.
Several studies have demonstrated that bacteria can have a dynamic surface architecture
and that even minor differences in environmental conditions can affect probiotic proper-
ties (27–29). Accordingly, differences in physiological conditions of frozen bacteria and
bacteria in a yogurt matrix could result in different phenotypic characteristics.

As mentioned above, high genomic stability was demonstrated in freeze-dried
product (18), but the genomic deletions previously identified originated from liquid
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dairy isolates (17). We hypothesize that the low number of generations of L. rhamnosus
GG that occur during yogurt production would not allow a mutated variant to become
a noteworthy proportion of the population, even if the mutation provides a niche fit-
ness improvement. In this study, we aimed to assess genome stability of L. rhamnosus
GG after cofermentation in a yogurt product in order to validate our hypothesis as a
quality assurance of the application of L. rhamnosus GG in yogurt.

In addition, we wanted to determine how specific phenotypic characteristics rele-
vant for probiotic functionality are influenced by matrix.

RESULTS
Genome integrity of L. rhamnosus GG was conserved in all product samples,

and a gene deletion was detected in one isolate. To analyze the genome integrity of
L. rhamnosus GG after yogurt fermentation and subsequent cold storage throughout
the shelf life of 28 days, the genomes of 66 samples were sequenced. In this industrial
production process, L. rhamnosus GG is batch fermented. The strain is inoculated into a
closed system filled with a sterilized nutrient solution and fermented under continu-
ously controlled parameters such as pH and temperature. Upon harvesting, the bacte-
rial culture is concentrated and mixed with cryoprotective reagents before pellet freez-
ing, where droplets of the culture are frozen instantaneously in liquid nitrogen.
Samples included frozen pellets of L. rhamnosus GG from both the start (F_Start) and
the end (F_End) of pellet freezing of an industrial production batch and from yogurts
fermented by Lactobacillus delbrueckii subsp. bulgaricus (L. bulgaricus) and Streptococcus
thermophilus together with the L. rhamnosus GG samples. Samples of yogurt were pre-
pared for sequencing on the day of yogurt production (Y1_F_start_ON and Y1_F_end_ON)
and at the end of shelf life (Y28_F_start_ON and Y28_F_end_ON). In addition, 10 single col-
ony isolates were prepared from each of the six full population samples (isolates 1 to 10)
(Fig. 1).

Sequencing data from all samples were assembled de novo, resulting in 66 high-
quality draft genomes with a minimum average base coverage of 118�. A hierarchical
clustering was performed based on gene frequency for all the samples sequenced in
this study, three publicly available reference genomes of L. rhamnosus GG on NCBI
RefSeq database and five previously published L. rhamnosus GG genomes of isolates in
which the spaCBA-srtC1 gene cluster was lost (Sequence Read Archive [SRA] identifiers
SRR645838, SRR3098054, SRR645868, SRR3096056, and SRR3096092). All 66 samples
clustered with the reference genomes except one isolate, Y1_F_Start_I9 (isolate 9),
which was purified from yogurt and clustered with the sequences of the five isolate
samples from literature in which spaCBA-srtC1 was lost (Fig. 2).

Alignment of the contigs derived from the 66 samples showed consistent coverage
across genomes and high identity scores compared to the reference (FM179322 [https://
www.ncbi.nlm.nih.gov/assembly/GCF_000026505.1/]). No gene loss was observed in any
of the six overnight cultures containing the full population of L. rhamnosus GG prepared
from the frozen products and their respective yogurt productions, both on the day of
production and at the end of shelf life. In contrast, contig alignment of sequences of the
60 single colony isolate samples showed that one isolate, isolate 9, was missing a region
containing the spaCBA-srtC1 cluster (Fig. 3).

The gene deletion in isolate 9 could have been present in a subpopulation of the L.
rhamnosus GG population in the yogurt sample, or it could have arisen during the
restreaking steps of the isolation process. To examine if a subpopulation of L. rhamno-
sus GG in the yogurt from which isolate 9 was purified was missing the spaCBA-srtC1
gene cluster, the ratio of coverage of average coding sequences (CDS) between the
spaCBA-srtC1 region and the remaining genes in the genome was calculated for each
sample (Fig. 4A). All ratios remained on a level of approximately 1 from the frozen L.
rhamnosus GG products to their respective yogurt productions, both on the day of yo-
gurt production and at the end of shelf life. With an average depth of.100-fold cover-
age, these results show that if a subpopulation was missing the spaCBA-srtC1 cluster, it
would be less than 1% of the full population. Isolate 9 was included in the ratio analysis
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and showed a ratio of 0, consistent with the notion that the spaCBA-srtC1 cluster was
missing in the genome sequence of this single colony isolate.

To validate the sequencing results with an independent analysis on separately iso-
lated DNA, loss of the spaCBA-srtC1 gene cluster in isolate 9 was verified by quantitative
PCR (qPCR) (Fig. 4B). The presence of spaA was used as a measure of the spaCBA-srtC1
gene cluster, and Lacticaseibacillus rhamnosus 16S rRNA gene was used as a positive con-
trol. Lacticaseibacillus rhamnosus LC705 was included as a negative control, as its ge-
nome does not contain the spaCBA-srtC1 cluster (10), and a different single colony iso-
late, Y1_F_start_I4 (isolate 4), which retained the spaCBA-srtC1 genes, was included as a
positive control. In addition, the full population sample Y1_F_start_ON, from which iso-
late 9 was purified, was included. The presence of spaA was confirmed in both the posi-
tive control, isolate 4, and the full population sample, with similar threshold cycle (CT)
values between 16S and spaA in both isolate 4 and Y1_F_start_ON (Fig. 4B). The negative
control, L. rhamnosus LC705, displayed a CT value of 13.8 for 16S rRNA, confirming the
presence of DNA in the sample, whereas spaA gave a CT value of 29.8, which was
ascribed to nonspecific binding and primer dimers. Based on the results from the nega-
tive control, CT values of$29.8 were considered to indicate absence of the gene. For iso-
late 9, a CT value of 15.7 for 16S rRNA was observed, whereas spaA was not present, with
a value above 29.8 (CT = 30.3). Therefore, the qPCR results confirm that isolate 9 indeed
lacks the spaA gene, consistent with the results from DNA sequencing and ratio analysis.

The analysis of whole-genome integrity was complemented with an assessment of
the presence of single nucleotide polymorphisms (SNPs) in order to identify potential
mutational hot spots in the genomes that could result in genomic instability. In total, 21
different SNPs were identified across the 60 isolates sequenced (see Table S3 in the sup-
plemental material); 5 of the SNPs were identified previously and shown to represent a
subpopulation in the original stock from the culture collection used for this production
(18). The remaining 16 SNPs were distributed across isolates (1 or 2 SNPs per isolate). All

FIG 1 Overview of samples included in genome sequencing. Samples of frozen pellets of L. rhamnosus GG were collected from start of pelletizing (F_Start)
and end of pelletizing (F_end) in a production batch and included in yogurt fermentation. Samples of yogurt were collected on the day of production (Y1)
and after 28 days of refrigerated storage (Y28). Full-genome sequencing was performed on an overnight culture (ON) of the frozen pellets and the four
samples of yogurt (Y1_F_Start, Y1_F_end, Y28_F_start, and Y28_F_end). Ten isolates were purified from each of the six full population samples. Sample
identification and colors are defined in the key.
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FIG 2 Genome similarity between sequenced samples of L. rhamnosus GG. Three publicly available
reference genomes for L. rhamnosus GG on NCBI (ASM2650v1, ASM335345v1, and ASM1104v1) and five

(Continued on next page)
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SNPs were detected in 1 or 2 isolates only, except for one SNP that was identified in 13
isolate sequences. To examine whether strain phenotype was affected by the identified
SNPs, the consequence of a potential amino acid substitution was predicted using the
PROVEAN (Protein Variation Effect Analyzer) method based on alignments and chemical
properties of amino acids. Of the eight SNPs that were identified in more than one iso-
late, seven were predicted to have a neutral effect and one was predicted to have a dele-
terious consequence (genome position 2253036) (Table S3).

L. rhamnosus GG exhibits high acid tolerance and moderate bile tolerance
regardless of matrix. In addition to examining genome stability of L. rhamnosus GG in
yogurt, several in vitro assays were performed to investigate the phenotypic character-
istics of L. rhamnosus GG as a frozen product and in a yogurt matrix. CFU of L. rhamno-
sus GG in the yogurt products were counted on the day of production (3.7 � 108 CFU/
ml) and at end of shelf life (3.4 � 108 CFU/ml) to ensure that no substantial decrease in
viable cells occurred during cold storage.

To examine possible effects on gastrointestinal survival of L. rhamnosus GG due to
the yogurt matrix or adaptation of the strain during fermentation and subsequent stor-
age in yogurt, in vitro tolerance to gastric acid and bile was measured. Samples of the
frozen L. rhamnosus GG and yogurt cofermented with L. rhamnosus GG from the day of
production and at the end of shelf life were tested. To distinguish the possible effect of
the yogurt matrix on strain survival from the effect of strain adaptation to the yogurt
conditions, a sample of frozen L. rhamnosus GG mixed with a control yogurt (same rec-
ipe but without L. rhamnosus GG) immediately before the assay was included.

All samples exhibited high tolerance to gastric acid solution at pH 2.0, with no sig-
nificant decrease (P . 0.05) in CFU after 1 h of incubation compared with their respec-
tive controls (Fig. 5A). In contrast, 1 h of incubation in 1% bile solution resulted in
decreased survival in all samples with a reduction in CFU of 4 to 5 logs (Fig. 5B). When
comparing the mean values in survival from three replicate experiments, a nonsignifi-
cant trend toward increased bile tolerance for frozen L. rhamnosus GG compared with
L. rhamnosus GG cofermented in yogurt was observed. Therefore, matrix appears to
have little to no effect on acid tolerance and a modest effect on bile tolerance.

A time course of bile tolerance was performed in order to determine the rate of
decrease in survival. In this experiment, survival was measured after 7.5, 15, 30, and 60
min. The results showed that the decrease in survival had already occurred after 7.5
min and after then no further decrease was observed (Fig. S1).

L. rhamnosus GG in yogurt stimulates a greater increase in epithelial barrier
function in vitro than L. rhamnosus GG alone. As a measure of the effect on epithelial
cell barrier function, transepithelial electrical resistance (TEER) was assessed across a
differentiated monolayer of Caco-2 cells incubated for 20 h with L. rhamnosus GG
alone, the starter culture alone (S. thermophilus and L. bulgaricus), and the three strains
(L. rhamnosus GG, S. thermophilus, and L. bulgaricus) in combination. The effects of the
strains on TEER were measured both for frozen cultures and for yogurt samples. As the
concentration of the starter culture was higher than the concentration of L. rhamnosus
GG in the yogurt (2 � 109 CFU/ml compared to 4 � 108 CFU/ml), the same proportion
was used for the mix of all three strains as frozen cultures. After adjusting for the typi-
cal bacterium/cell ratio used in the TEER assay, the final concentrations used were 2 �
108 CFU/ml for the starter culture and 4 � 107 CFU/ml for L. rhamnosus GG.

In contrast to the starter culture alone, L. rhamnosus GG alone induced a substantial
response in TEER, with 30% increase relative to baseline after 15 h (Fig. 6A). The induced
response measured from a mixture of the three strains was similar to the effect observed
for L. rhamnosus GG alone. Although the starter culture strains from the frozen product

FIG 2 Legend (Continued)
previously published genomes of L. rhamnosus GG in which the spaCBA-srtC1 gene cluster was lost
(SRR645838, SRR3098054, SRR645868, SRR3096056, and SRR3096092 in NCBI Sequence Read Archive
[SRA]) are included. Hierarchical clusters of genomes are based on gene similarities. Sample identifiers
and colors are the same as in Fig. 1.
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FIG 3 Circular representation of alignments of DNA sequence contigs derived from the 66 samples sequenced. Each circle indicates the sequence from
one sample, color-coded as defined in the key. For comparison, contigs from five sequences with gene deletions reported previously by Sybesma et al.
(17) and Douillard et al. (14) are included. The three outer circles represent GC content and annotated genes on both strands, as indicated in the key.
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did not induce a response, yogurt containing only the starter culture induced an increase
in TEER of 44% relative to baseline. The sample of freshly produced yogurt cofermented
with L. rhamnosus GG induced an additional response, with an increase of 90% relative
to baseline (Fig. 6A). However, by end of shelf life, the additional response observed in
yogurt cofermented with L. rhamnosus GG had diminished, showing an increase of 47%
relative to baseline after 15 h, as seen for the control yogurt.

Quantification and statistical analysis of the area under the curve (AUC) indicated that
yogurt matrix induced a significantly greater TEER response than the starter culture
strains alone (P , 0.0001) and that addition of L. rhamnosus GG to the starter culture,

FIG 5 Tolerance to gastric acid and bile of L. rhamnosus GG. Samples included L. rhamnosus GG as frozen
product (Frozen Lr GG [F_start]) and in yogurt. Yogurt samples included frozen L. rhamnosus GG added to
yogurt immediately before treatment (Frozen Lr GG added to Yogurt) and yogurt cofermented with L.
rhamnosus GG, both from the day of production (Yogurt with Lr GG - Day 1) and at the end of shelf life
(Yogurt with Lr GG - Day 28) (x axis). Results are shown as CFU per milliliter after 1 h of incubation in gastric
acid solution at pH 2.0 (A) and 1% porcine bile solution (B). For each treatment a control is included, shown as
CFU per milliliter after 1 h of incubation in 10% MRS broth (y axis). Data points represent the means for
technical duplicates, and horizontal lines represent the means from three experiments. One-way ANOVA
followed by Tukey’s test comparing the different sample sets was performed on treatment normalized to
control.

FIG 4 Validation of the gene deletion. (A) Proportion of genomes containing the spaCBA-srtC1 gene cluster
presented as the ratio of coding sequence (CDS) coverages of the genes deleted in isolate 9 and the remaining
genes. The samples included all sequences of overnight cultures (_ON) and Y1_F_start_I9. Ratios of CDS are
given on the y axis. (B) qPCR on the spaA gene representing the spaCBA-srtC1 gene cluster and 16S rRNA
included as a control of DNA. Samples included Y1_F_Start_I4 (positive control), Y1_F_Start_ON (population
from which Y1_F_Start_I9 was purified), L. rhamnosus LC705 (strain without the spaCBA-srtC1 gene cluster as a
negative control), and Y1_F_Start_I9 where the spaCBA-srtC1 gene cluster was lost. CT values are given on the
y axis.
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both as frozen products and in yogurt on the day on the day of production, resulted in
significantly greater TEER responses (P, 0.001 and P, 0.0001, respectively) (Fig. 6B).

L. rhamnosus GG inhibits cytokine response from the starter culture in dendritic
cells. The ability of the starter culture and L. rhamnosus GG to modulate secretion of
cytokines in dendritic cells (DCs) was evaluated in vitro by measuring the regulation
of six inflammation-related cytokines in human monocyte-derived DCs from three
different donors. As with the barrier function assay, samples of L. rhamnosus GG
alone, the starter culture, and the combination of all three strains were examined
both as frozen cultures and in the yogurt matrix. DCs were exposed to the starter cul-
ture at a ratio of 1:15 and to L. rhamnosus GG at a ratio of 1:50 to obtain the ratio
between L. rhamnosus GG and the starter culture present in the yogurt. Donor varia-
tion is typical for in vitro DC assays, and therefore, the three donors are presented
individually. In contrast to the low response induced by the starter culture in the in-
testinal barrier assay, the starter culture induced higher secretion of all six cytokines
measured in the dendritic cell assay than L. rhamnosus GG, which induced relatively
modest responses compared with the negative control (Fig. 7). Compared with the
negative control, the starter culture induced significant secretion of all six cytokines,
whereas L. rhamnosus GG induced significant secretion of only interleukin 6 (IL-6)
and IL-8 (Table S2). Addition of L. rhamnosus GG to the starter culture, both for the
frozen product and in the yogurt matrix, resulted in decreased responses of the cyto-
kines IL-10, IL-8, and IL-6 (except for the frozen sample in donor C in IL-8 and IL-6)
compared with the starter culture alone. The tendency was most pronounced for
IL-10 and IL-8 (Fig. 7A and B and Table S2). In contrast, the IL-12p70 and IL-1b
responses stimulated by the starter culture and the combination of starter culture

FIG 6 Transepithelial electrical resistance (TEER) of L. rhamnosus GG and the starter culture as frozen
product and in yogurt. (A) TEER of Caco-2 cell monolayers stimulated with frozen pellets of the starter
culture (Frozen St 1 Lb), frozen pellets of L. rhamnosus GG (Frozen Lr GG [F_start]), or a combination of
the two samples (Frozen St 1 Lb 1 Lr GG). In addition, yogurt containing only the starter culture
(Yogurt St 1 Lb) and yogurt cofermented with L. rhamnosus GG on the day of production (Yogurt Day
1 St 1 Lb 1 Lr GG [Y-1_F_start]) and by end of shelf life (Yogurt Day 28 St 1 Lb 1 Lr GG
[Y28_F_start]) were included in the experiment. The final concentrations used for all samples were 2 �
108 CFU/ml and 4 � 107 CFU/ml for the starter culture and L. rhamnosus GG, respectively. (A) The y axis
shows the percent change in TEER relative to the baseline, which is the TEER reading just prior to
adding the bacterial strains (time = 0 h). The x axis shows the time in hours. Each data point represents
the mean 6 SD of results from technical triplicates. (B) Area under the curve (AUC) of TEER
measurements from 0 to 20 h relative to the baseline (100%) (y axis) for the measurement presented in
panel A. Each bar represents the mean 6 SD for technical triplicates. One-way ANOVA followed by
Tukey’s test was performed, and statistically significant differences are shown.
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FIG 7 Cytokine response to L. rhamnosus GG and starter culture as frozen product and in yogurt. Cytokine concentrations (y
axis) of IL-10 (A), IL-8 (B), IL-6 (C), TNF-a (D), IL-12p70 (E), and IL-1b (F) secreted by monocyte-derived human dendritic cells
derived from three different donors. Dendritic cells were stimulated with the following samples: frozen pellets of L. rhamnosus
GG (Frozen Lr GG [F_start]), frozen pellets of the starter culture (Frozen St 1 Lb), a combination of the frozen samples (Frozen
St 1 Lb 1 Lr GG), yogurt containing only the starter culture (Yogurt St 1 Lb), and yogurt cofermented with L. rhamnosus GG
[Yogurt St 1 Lb 1 Lr GG (F_start)] (x axis). The final concentrations used for all samples were 5 � 107 CFU/ml and 1.5 � 107

CFU/ml for the starter culture and L. rhamnosus GG, respectively. Negative controls were incubated in cell culture medium only.
Each data point represents the mean of technical replicate measurements, and biological triplicates were assessed for each
donor. Black bars represent the mean concentrations for the three donors.
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and L. rhamnosus GG were similar, both for frozen samples and in yogurt, with only
donor A in IL-12p70 showing a significant difference.

DISCUSSION

The analysis of the genome integrity of L. rhamnosus GG after yogurt fermentation
and subsequent cold storage samples included 66 full genome-sequenced samples,
including 6 full population overnight cultures from two frozen culture products and
four yogurt products (two from the day of production and two at the end of shelf life)
as well as 10 single colony isolates from each product.

All full population samples displayed genomes with no loss of genes detected. The
spaCBA-srtC1 gene cluster was of particular interest, as these genes are responsible for
the adhesive pili present on the cell surface and gene deletions have been observed in
this region previously (10, 14, 17). Therefore, a calculation of the ratio between CDS
coverage for the deletion including the spaCBA-srtC1 gene cluster and the remaining
genes was performed. The results showed a ratio of approximately 1 for all full popula-
tion samples, indicating that the number of reads of spaCBA-srtC1 genes approximately
corresponds to the number of reads of the remaining coding genes present in the ge-
nome. Accordingly, it can be concluded that no larger proportion of the genomes is
missing the gene cluster, since a fraction of less than 1% of genomes missing the
genes would not be detectable from data analysis on the sequences alone based on
the average depth of.100-fold coverage.

From the 40 single colony isolates from the yogurt, loss of the spaCBA-srtC1 gene
cluster was identified in one isolate, referred to as isolate 9. Deletion of the gene clus-
ter could have either (i) occurred during the purification of the isolate or (ii) been pres-
ent already in a nondetectable subpopulation.

As the L. rhamnosus GG genome is rich in IS in the region containing the spaCBA-
srtC1 gene cluster, the region is expected to be more susceptible to gene deletions
(12). Stressful conditions are generally thought to increase the rate of mutation, and
the gene deletions leading to the loss of spaCBA-srtC1 observed by Douillard et al. (14)
also arose during prolonged exposure to stress. The purification of single colony iso-
lates can be stressful since nutrients are depleted in the area around colonies during
growth in each of the three purification steps, and this has been demonstrated to
induce high plasticity of a genome (30, 31). If a minor subpopulation of the full popula-
tion below the detection level exists, the limited number of generations during the
production process and yogurt fermentation will ensure that the subpopulation will
remain minor.

Interestingly, it was observed that the deletions identified by Sybesma et al. (17)
and Douillard et al. (14) varied in length. This observation suggests that the deletions
occurred independently, and the gene deletion cannot be ascribed to a common
ancestor. This was consistent with the observation by Sybesma et al. (17) that two iso-
lates that were purified from different dairy products had deletions varying in length.
Douillard et al. (14) also identified several independent isolates with three different
lengths of deletions that all included the spaCBA-srtC1 gene cluster. While no gene loss
was detected in samples continuously incubated in the presence of bile, salt, or shear
stress for 100 generations, all the isolates purified from the culture exposed to continu-
ous bile stress for 1,000 generations exhibited gene loss. These observations indicate
that the strain is susceptible to gene deletions in this region, particularly after pro-
longed exposure to stressful conditions. However, whether the mutation occurred dur-
ing purification or already existed in a nondetectable subpopulation in the frozen cul-
ture cannot be determined.

Based on their findings, both studies reported the need for a controlled production
process and quality control for the industrial production of L. rhamnosus GG. Previously
we demonstrated that L. rhamnosus GG exhibits high genomic stability throughout the
production process and that spaCBA-srtC1 is fully conserved from the original stock to
the freeze-dried product (18). During production, after pelletizing in liquid nitrogen, the
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bacteria are freeze-dried or stored at #–30°C to stop growth and slow down chemical
reactions. When the frozen cultures are added to a milk base and included in a fermenta-
tion process, they rehydrate and become physiologically active again. However, growth
of L. rhamnosus GG during yogurt fermentation was calculated to be less than three gen-
erations (Fig. S2). Therefore, even if a deletion emerges early during fermentation, it
would not be able to increase to a noteworthy proportion of the population unless a
subpopulation close to the detection level already exists. We previously demonstrated
that no deletions in the spaCBA-srtC1 gene cluster could be detected in the populations
of seven production batches of freeze-dried L. rhamnosus GG (18). Similarly, no gene
deletions could be detected in the frozen product or in the yogurt in this study, as
expected, since the number of generations during yogurt production is limited.

As expected, we could identify the five SNPs that we previously demonstrated to
constitute a part of the original culture collection used for production (18). However, in
27 out of 60 sequenced isolates, 1 or 2 SNPs were detected which had not been identi-
fied previously. Similar to the gene deletion observed in the whole-genome analysis,
these may represent minor subpopulations that are stochastically sampled, or the
SNPs may have emerged during the purification process. Surprisingly, we also found
one SNP (position 2253036) that was detected in 13 isolates, indicating that approxi-
mately 22% of the full population had the alternative allele. The SNP was observed in
both frozen isolates and yogurt isolates and therefore already existed before inocula-
tion of the milk substrate. The consequence of the amino acid substitution for this SNP
was predicted to be deleterious. The gene encodes an ABC transporter, multidrug
transporter ATPase. Since a large fraction of a population from an industrial fermenta-
tion possesses the SNP, it most likely confers a neutral effect on growth fitness. Even if
the mutation conferred a fitness benefit, the number of generations required to accu-
mulate such a fraction exceeds the number of generations in this production process
by far. Therefore, it is likely that the SNP represents a subpopulation of the original
strain, which was not detected in the previous study.

Effect of yogurt matrix on phenotypic characteristics.While most in vitro studies
measure the phenotypic characteristics of probiotic L. rhamnosus strains prepared
from overnight cultures (23, 32, 33), the physiological profile of probiotic products on
the market will reflect conditions encountered in the production process and the ma-
trix in which they are delivered. In this study, common phenotypic assays were per-
formed on samples of industrially produced L. rhamnosus GG in frozen pellets and
cofermented in yogurt.

High tolerance to acid and bile was one of the criteria that were used initially to
select L. rhamnosus GG as a potential probiotic (1). As expected, tolerance to gastric
acid solution was high, with no decrease in survival regardless of whether the strain
was frozen or cofermented in a yogurt matrix. Our results showed that L. rhamnosus
GG is more sensitive to bile exposure, with a loss of 3 to 5 logs of viability that occurred
within the first 7.5 min of the 1-h incubation. Bacterial persistence of a fraction of a
population is well known from antibiotic treatments. The cells are commonly named
persister cells and are characterized by the subpopulation exhibiting a resistance that
is not genetically acquired. From the surviving cells, a new population would regrow
with the same sensitivity (34, 35). Based on our findings of high tolerance to gastric
acid solution, we would expect that consumption of L. rhamnosus GG in yogurt would
result in delivery of a large number of viable cells into the upper small intestine.

The samples of L. rhamnosus GG cofermented and stored in yogurt showed a tend-
ency toward decreased tolerance to bile stress compared to the frozen samples. This
may be due to a hurdle effect, where a combination of mild factors, such as cold stor-
age, low pH, and competitive flora encountered in yogurt, may increase sensitivity to-
ward other conditions (36). However, the tendency toward decreased bile tolerance in
yogurt was nonsignificant, and clinical studies have demonstrated that fecal recovery
of L. rhamnosus GG was similar whether it was ingested as a freeze-dried product or in
fermented milk (20, 21).
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As previously observed (18), epithelial barrier function was increased by the probi-
otic strain L. rhamnosus GG, whereas the common yogurt starter culture consisting of
S. thermophilus and L. bulgaricus did not induce any response. As the response for all
three strains combined was similar to that of L. rhamnosus GG alone, we conclude that
the detected response is from L. rhamnosus GG alone and that coincubation does not
affect the ability of any of the strains to induce TEER. In contrast to the S. thermophilus
and L. bulgaricus strains from the frozen product, the control yogurt containing S. ther-
mophilus and L. bulgaricus as starter culture induced a response in TEER. Since the
strains in the starter culture do not induce any response, we propose that the observed
effect stems mostly from the yogurt matrix or that the physiochemical properties of
the yogurt changed the probiotic properties of the starter culture. In yogurt cofer-
mented with L. rhamnosus GG, the increase in TEER was higher than in the control yo-
gurt on the day of production, indicating a potentially additive or synergistic effect,
where yogurt might enhance characteristics of L. rhamnosus GG responsible for induc-
ing TEER. Although the number of viable cells of L. rhamnosus GG was preserved, the
TEER response had diminished by end of shelf life. This finding correlated with an ob-
servation by Deepika et al., that adhesion properties of L. rhamnosus GG in yogurt had
decreased after storage under cold conditions for 7 days (37). In this study, adhesion
capacity correlated with hydrophobicity, which also had decreased after 7 days and
had been correlated previously with adhesion properties (38).

For these experiments, the acidic yogurt samples were neutralized immediately
before they were applied to the system to ensure that TEER responses were not simply
a result of reduced pH. However, some of the organic acids produced during yogurt
fermentation, or their neutral anion counterparts, may be responsible for inducing a
response in TEER. The capability to recover intestinal barrier function after 72 h when
disrupted with inflammatory stimulus has been demonstrated previously with yogurt
containing only a starter culture (39). Our results indicate that an enhanced effect of L.
rhamnosus GG can be obtained when the organism is ingested in a yogurt matrix,
which could possibly exert a higher protection of intestinal barrier function than the
effect obtained from either L. rhamnosus GG or a yogurt matrix alone.

Although all bacterial samples induced secretion of the six cytokines examined, the
response stimulated by L. rhamnosus GG was relatively modest compared with the
response stimulated by the starter culture. However, modest induction of these cyto-
kines by L. rhamnosus GG has been observed previously in similar in vitro assays (40,
41). For IL-12 and tumor necrosis factor alpha (TNF-a), L. rhamnosus GG was reported
as a weakly inducing strain compared with other lactic acid bacteria, in line with what
we saw for all cytokines examined in this study (41). Moreover, Zeuthen et al. demon-
strated that weakly IL-12- and TNF-a-inducing strains of lactobacilli, including L. rham-
nosus GG, inhibited the response from strongly inducing strains (41). In this study, simi-
lar inhibitory properties on the response induced by the starter culture were identified
for IL-10, IL-6, and IL-8 but not for TNF-a, IL-12p70, or IL-1b . As relatively high
responses by the starter culture alone were observed for all cytokines, it is proposed
that L. rhamnosus GG may have a role in moderating cytokine responses. A functional
role in balancing cytokine expression has been suggested previously for L. rhamnosus
GG, where the ability of L. rhamnosus GG to both induce and reduce IL-8 expression in
Caco-2 cells depended on which of the surface molecules interacted with host pattern
recognition receptors (42).

Conclusion. In conclusion, our results demonstrate genomic integrity of L. rhamno-
sus GG, with no deletions in any of the frozen product population samples or the yo-
gurt samples. As one of the isolates had lost the spaCBA-srtC1 gene cluster, it was con-
firmed that L. rhamnosus GG has the propensity to lose genomic islands in the region
containing the spaCBA-srtC1 gene cluster. Therefore, a well-constructed and efficiently
regulated production process may be important to ensure preservation of the intact
genome. If genome integrity is preserved in L. rhamnosus GG used as inoculation mate-
rial for probiotic yogurt, the few generations that occur during yogurt production and
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during shelf life are not enough for a mutation to establish a noteworthy proportion in
a yogurt product. In addition, the number of viable L. rhamnosus GG cells was pre-
served throughout shelf life. In vitro examination of common probiotic features of L.
rhamnosus GG indicated that cofermentation with yogurt could improve some of the
probiotic features that are characteristic for the strain, such as the increased induction
of TEER demonstrated here. In addition, we observed an immunomodulatory capacity
for L. rhamnosus GG when it was coincubated with starter culture in an in vitro dendri-
tic cell assay, regardless of whether the strain was examined as frozen product or in a
yogurt matrix. Altogether, the results demonstrate that the L. rhamnosus GG genome is
largely preserved in yogurt and common in vitro probiotic effects of L. rhamnosus GG
are observed when examined in the yogurt matrix.

MATERIALS ANDMETHODS
Bacterial strains used for the study. For this study, the effect of L. rhamnosus GG, commercially rec-

ognized as the trademark LGG (DSM 33156) from Chr. Hansen, was examined when added to a milk
base fermented into a yogurt with the starter culture YF-L901 containing S. thermophilus and L. bulgari-
cus. Frozen pellets of L. rhamnosus GG were collected both at the beginning and at the end of the pro-
cess of pellet freezing in liquid nitrogen, providing a sample of L. rhamnosus GG that was frozen directly
after addition of cryoprotectants (F_Start) and a sample that was kept in a holding tank for 3 h after
addition of cryoprotectants (F_End) (Fig. 1). L. rhamnosus LC705 was used as a negative control for the
presence of the spaCBA-srtC1 gene cluster.

Production of yogurt. Yogurt was produced on a 3-liter scale in an application technology center
on a part-skimmed milk base at 1.5%. The milk base was pasteurized at 95°C for 5 min/80°C for 1 min.
The milk was homogenized at 200/50 bar at 65°C. YF-L901 was used as starter culture and added accord-
ing to the instruction (500U/2500L). L. rhamnosus GG was added together with the starter culture and
fermented at 43°C until pH reached 4.55. Hereafter the yogurt was mechanically broken with a spoon
and cooled to 25°C during transfer to the tap with a pressure of 2 � 105 Pa. Yogurt was subsequently
stored refrigerated at 4 to 6°C throughout shelf life (28 days).

Preparation of samples for genome sequencing. L. rhamnosus GG was continuously grown over-
night at 37°C in de Man-Rogosa-Sharpe (MRS) broth or for 3 days on MRS agar. For selective growth of L.
rhamnosus GG from yogurt samples, 2% vancomycin (100 mg/ml; Merck) was added to the media, since
L. rhamnosus GG has been shown to have intrinsic vancomycin resistance (43).

For genome sequencing, DNA was extracted from an overnight culture of the frozen L. rhamnosus
GG samples from start and end of the production batch and from an overnight culture selective to L.
rhamnosus GG prepared from yogurt, both on the day of production and by the end of shelf life. From
each of the six overnight cultures, 10 single colony isolates were prepared. In this procedure, each sam-
ple was inoculated onto an agar plate from which 10 colonies were randomly picked, followed by three
successive streaking procedures to ensure purification of isolates. The 60 isolates were subsequently
grown in an overnight culture. All overnight cultures were pelletized by centrifugation and dissolved in
DNA/RNA Shield (Zymo) for frozen storage until extraction.

DNA extraction and sequencing. DNA was extracted using the DNeasy blood and tissue minikit
(Qiagen) and paired-end (2 � 150 bp) whole-genome sequenced at BaseClear using an Illumina HiSeq
2500. The PhiX control genome was removed and adapter sequences were clipped for de novo assem-
bly. Quality of the remaining reads was assessed with FastQC.

L. rhamnosus GG reference genomes. L. rhamnosus GG published by Kankainen et al. (ASM2650v1
[10]), obtained from the Valio culture collection (Valio Ltd.), was used as a reference genome for the
alignment. For the hierarchical clustering based on the frequency of gene calls, all L. rhamnosus GG
genomes on the NCBI database (ASM2650v1 [https://www.ncbi.nlm.nih.gov/assembly/GCF_000026505.1/],
ASM335345v1 [https://www.ncbi.nlm.nih.gov/assembly/GCF_003353455.1/], and ASM1104v1 [https://www
.ncbi.nlm.nih.gov/assembly/GCF_000011045.1/]) were included as references.

Assembly and circle visualization. For analysis of L. rhamnosus GG population samples from yo-
gurt, genomic contamination from the cofermented strains L. bulgaricus and S. thermophilus was
removed using BMTagger (44). Clean reads were de novo assembled using Spades (45) under the “—iso-
late” mode. Coverage of assembled contigs was calculated with BWA (46) and SAMtools (47), and con-
tigs with lower coverage were considered low quality or DNA contamination and discarded. Cutoff dif-
fered based on the depth of sequencing: 60� coverage was used for all the samples from this study,
while 5� coverage was used for samples described by Sybesma et al. (17) and Douillard et al. (14)
(SRR645838, SRR3098054, SRR645868, SRR3096056, and SRR3096092 in the NCBI Sequence Read Archive
[SRA]). The majority of the filtered contigs were short contigs. Quast (48) was used to check the quality
of alignments to the reference genome (ASM2650v1) before and after the filtering. The remaining con-
tigs from all samples in this study and the samples from Sybesma et al. (17) and Douillard et al. (14)
were aligned to the L. rhamnosus GG reference genome. The Circlize package was used to draw the cir-
cular plot of genomic alignments (49).

Gene calling and genome similarity hierarchical clustering. Prokka (v1.14.5) was used for com-
plete gene calling of all the assembled genomes and the L. rhamnosus GG references under the species
L. rhamnosus. Anvio (v6.1) was used to visualize the genomic similarity clustering based on the fre-
quency of the aligned genes across the genomes.
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Coverage comparison. For the calculation of coverage of L. rhamnosus GG genes within each sam-
ple, a strategy similar to gene catalogue in metagenomic studies was adopted. Gene calls from the com-
plete reference genome (ASM2650v1) were concatenated together to construct the representative L.
rhamnosus GG gene catalogue. Clean reads were used instead of contigs in the case of contigs that
were lost in the filtering. Reads from each sample were directly mapped to the gene catalogue using
BWA (46). Gene coverage was calculated with BEDTools (50) and normalized by the length of genes.
Gene calls were divided into two groups, the genes present in isolate 9 and the genes absent in isolate
9, according to the alignment statistics of isolate 9 with the deletion including the spaCBA-srtC1 gene
cluster. For each sample, the ratio of average coverage of CDS for the two groups was calculated.

Mapping and variant calling. To identify the presence of SNPs, sequences were mapped to the ref-
erence genome followed by variant calling. Initially, Smalt (v0.7.6) (51) and Bowtie 2 (v2.4.2) (52) were
applied to map all sequence libraries to the reference genome (ASM2650v1). Mutation analysis was
done by using three different tools: gatk (v4.2.0.0) (53), bcftools (v1.12) (54), and freebayes (v1.3.5) (55)
in haploid mode. Coupled with the two above-described mapping tools, this resulted in six ways of vari-
ant calling. In addition, breseq (v0.35.6) (56) was used to validate the outputs from the above-described
methods. The intersects from all seven approaches were used as final results. Bcftools (v0.35.6) was used
for quantifying read support for the reference and alternative alleles (53–56). The impact of amino acid
substitutions was predicted using the PROVEAN web server (v1.1.3 [http://provean.jcvi.org/seq_submit
.php]) (57).

qPCR validation. DNA was extracted from a sample of L. rhamnosus LC705, Y1_F_start_I9, Y1_F_start_I4,
and Y1_F_start_ON (Fig. 1) using the DNeasy blood and tissue minikit (Qiagen) according to the manufac-
turer’s protocol.

Specific primers for spaA (forward, TCGCTAGACGAATTATCAGCTTTA; reverse, AAACGTGCCGGATGG
TTAT) and 16S rRNA (right, GAAAGCCACGGCTAACTACG; left, GATAACGCTTGCCACCTACG) were identi-
fied using Universal ProbeLibrary Assay Design Center (Roche). Probes were purchased from Roche and
primers produced at TAG Copenhagen.

The PCR mix was prepared using FastStart Essential Probes Master (Roche) according to the manu-
facturer’s protocol. A total of 250 ng of DNA was added for each sample, loaded into the LightCycler 96
instrument, and preheated for 600 s at 95°C. Subsequently 45 cycles were run with 95°C for 10 s, 60°C
for 10 s, and 72°C for 1 s. qPCR was performed using technical and biological duplicates.

CFU cell counts for yogurt. Serial dilutions were prepared and plated on MRS agar (pH 6.5) with 2%
vancomycin for selective growth of L. rhamnosus GG for cell counts. Plates were grown anaerobically for
3 days at 37°C before colonies were counted.

Acid and bile tolerance assay. The assay included samples of frozen L. rhamnosus GG pellets, yo-
gurt cofermented with L. rhamnosus GG and samples where L. rhamnosus GG was added to a yogurt ma-
trix immediately before the assay to determine whether a potential effect could be ascribed to a matrix
effect alone or a more long-term adaptation from fermentation or storage. Frozen samples of L. rhamno-
sus GG were dissolved at a concentration of 4 � 108 CFU/ml in the control media consisting of MRS
broth diluted to 10% (vol/vol) with demineralized water. For the yogurt samples with bacteria added im-
mediately before the assay, frozen L. rhamnosus GG was mixed with control yogurt for 2 min in a stom-
acher at 230 rpm. The yogurt samples fermented with L. rhamnosus GG were also mixed before the assay
to ensure an even distribution of the bacterial cells. A 1-ml volume of the frozen samples and 1.00 g of
the yogurt samples were transferred to four separate tubes to which 9 ml of three different media were
added: (i) control medium (10% MRS broth), (ii) gastric acid solution (control medium containing
3.2 mg/ml of pepsin and 34 mM sodium chloride) adjusted to pH 2 with hydrochloric acid, and (iii) bile
solution (control medium with 1% [wt/vol] porcine bile, adjusted to pH 6.5). The cultures were incubated
for 1 h at 37°C, and subsequently, serial dilutions were plated on MRS agar (pH 6.5) with 2% vancomycin
for selective growth of L. rhamnosus GG for cell counts. An additional bile experiment using the same
setup was performed, where samples were also collected during incubation (after 7.5, 15, and 30 min)
for cell counts as described above.

Transepithelial electrical resistance assay. The human colon adenocarcinoma cell line Caco-2
(ACC 169; DSMZ GmbH, Germany) was maintained at 37°C and 5% CO2 in Dulbecco’s modified Eagle me-
dium (DMEM) plus GlutaMAX (Gibco by Life Technologies, UK) supplemented with 20% (vol/vol) fetal
bovine serum (Gibco by Life Technologies; South American origin), 1% minimal essential medium (MEM)
nonessential amino acid solution (Sigma-Aldrich), 100 U/ml of penicillin G, 100 mg/ml of streptomycin,
and 0.25 mg/ml of amphotericin B (PenStrep) (Biological Industries BI, Israel). Caco-2 cells (0.5 ml of 1 �
105 cells/ml) were cultured on Transwell membrane inserts in 12-well cell culture plates (1.12 cm2, poly-
ethylene terephthalate membranes with 0.4-mm pores; Corning) for 21 days before they were trans-
ferred to a CellZscope instrument (NanoAnalytics GmbH, Germany) for transepithelial electrical resist-
ance (TEER) measurements.

Upon transfer to the CellZscope, the cells were replenished with cell culture medium containing
10mg/ml of tetracycline (Sigma-Aldrich, Germany) instead of PenStrep in both the apical and basolateral
compartments. During an overnight adaptation period, TEER was measured every hour to establish
baseline TEER prior to addition of bacterial samples. For bacterial stimulation, 300 ml of cell culture me-
dium was removed from apical compartments and replaced with 300 ml of either fresh cell culture me-
dium with tetracycline (unstimulated controls) or 300 ml of fresh cell culture medium with tetracycline
containing either frozen bacterial samples (of L. rhamnosus GG, the starter culture, or a combination of
all three strains) or mixed with a volume of the yogurt samples (containing the starter culture alone or
the starter culture cofermented with L. rhamnosus GG). Bacterial cell concentrations were adjusted so
the numbers of bacterial cells in the frozen samples and in the yogurt samples corresponded. To reduce
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viscosity of the yogurt samples, they were diluted in cell culture media with tetracycline, resulting in 4 �
107 or 2 � 108 bacterial cells/sample for L. rhamnosus GG and the starter culture, respectively. Amounts
and proportions of the bacterial strains added to the TEER wells were based on the final concentrations
and proportions of the strains in 100 ml of yogurt, which contained a smaller amount of the probiotic L.
rhamnosus GG strain (4 � 108 CFU/ml) and larger amounts of the yogurt-fermenting strains S. thermophi-
lus and L. bulgaricus (1 � 108 CFU/ml of each strain). The pH of the yogurt samples was neutralized using
0.1 M NaOH to a pH of 7.1, corresponding to the pH of the bacterial samples and the control media. For
each condition, triplicate wells were analyzed. Cells were stimulated for 20 h at 37°C and 5% CO2, with
TEER measured every hour.

Cytokine secretion from human dendritic cells. Dendritic cells (DCs) were generated in vitro
from immature monocytes using a protocol modified from the method described by Zeuthen et al.
(58). Human peripheral blood mononuclear cells (PBMCs) were separated from buffy coats
(Rigshospitalet, Denmark) of three healthy donors by a density gradient centrifugation using Ficoll-
Paque PLUS (GE Healthcare, Freiburg, Germany). Monocytes were isolated by positive selection for
CD14 using magnetically activated cell sorting with CD14 microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) and cultured at a density of 2 � 106 cells/ml in complete DC medium (RPMI
1640 supplemented with 10 mM HEPES [Sigma-Aldrich, Schnelldorf, Germany], 50 mM 2-mercapto-
thanol [2-ME; Sigma-Aldrich, Schnelldorf, Germany], 2 mM L-glutamine [Life Technologies Ltd.,
Paisley, UK], 10% heat-inactivated fetal bovine serum [Invitrogen, Paisley, UK], 100 U/ml of penicillin
[Biological Industries, Kibbutz Beit-Haemek, Israel], and 100 mg/ml of streptomycin [Biological
Industries]). The DC medium also contained 30 ng/ml of human recombinant IL-4 and 20 ng/ml of
human recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF) (both from
Sigma-Aldrich, St. Louis, MO). Cells were kept at 37°C with 5% CO2. After 3 days, fresh complete DC
medium containing full doses of IL-4 and GM-CSF was added. At day 6, differentiation to immature
DCs was verified by surface marker expression analysis (CD14 , 3%, CD11c . 97%, and CD1a .
95%).

Immature DCs were replenished with antibiotic-free culture medium and seeded in 48-well plates at
1 � 106 cells/well. Before bacterial stimulation, the DCs were allowed to acclimate at 37°C and 5% CO2

for at least 1 h. DCs were stimulated for 20 h with frozen bacterial samples (of L. rhamnosus GG, the
starter culture or a combination of all three strains) or yogurt samples (containing the starter culture
alone or the starter culture and L. rhamnosus GG) adjusted to approximately 1.5 � 107 or 5 � 107 bacte-
rial cells/well for L. rhamnosus GG and the starter culture, respectively. The pH of the yogurt samples
was neutralized using 0.1 M NaOH to a pH of 7.1, corresponding to the pH of the bacterial samples and
the control. For the control, DCs were left unstimulated. Cells were kept at 37°C and 5% CO2. After stimu-
lation, DC supernatants were sterile filtered through a 0.2-mm Acro-Prep Advance 96-well filter plate
(Pall Corporation, Ann Arbor, MI) and stored at 280°C until cytokine quantification.

Secreted levels of IL-10, IL-12p70, IL-1b , IL-6, IL-8, and TNF-a were quantified using a customized U-
plex human proinflammatory panel 1 from Meso Scale Discovery (catalogue number K15049K; MSD,
Rockville, MD), according to the manufacturer’s instructions. The means of lower detection limits were
0.07, 0.26, 0.12, 0.14, 0.06, and 0.30 pg/ml, respectively.

Statistical analysis. All data from the phenotypic experiments were analyzed for statistically signifi-
cant differences in GraphPad Prism 8 software (GraphPad Software, La Jolla, CA) using one-way analysis
of variance (ANOVA) followed by Tukey’s test for multiple-comparison testing.

In the acid and bile experiments, mean values of cell counts after treatment and cell counts from the
control were compared among all samples within each treatment group. In the intestinal barrier experi-
ment, the TEER measure of each well was normalized to the baseline TEER of that well before stimulation
and expressed as percent increase relative to baseline, where baseline is equal to 100%. Mean and
standard deviation of the triplicates are displayed for each time point and each condition. Values for
area under the curve (AUC) were calculated for each well using GraphPad Prism 8 software, and means
and standard deviations of the triplicates are shown. For the cytokine experiment, statistical analysis was
performed separately for each donor, as significant donor variation typically exists. For each donor, cyto-
kine secretion levels (in picograms per milliliter) stimulated by the different samples were compared
(Table S2). Values below the detection limit or below fitting curve were replaced by half-limit of
detection.

Data availability. All DNA sequence data are stored at the National Center for Biotechnology
Information (NCBI) BioProject database under accession number PRJNA762716 (Table S1).
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